The aim of this study was to clarify the relationship of nitrogen accumulation and transport with yield of wheat and determine the indicators for the screening of wheat varieties with high nitrogen use efficiency (NUE). A total of sixteen winter wheat (Triticum aestivum L.) varieties were used to determine fourteen nitrogen accumulation and transport-related traits as well as yield-related traits in field under irrigated and rainfed conditions. The correlations between the major nitrogen accumulation and transport-related traits and yield traits of wheat were analyzed, and the nitrogen use type of the wheat varieties was classified. Results showed that eight nitrogen accumulation and transport-related traits had significant or highly significant genetic correlations with yield per plant under the two water regimes. These eight traits were transport amount of pre-flowering reserve nitrogen and contribution of pre-flowering reserve nitrogen to grain nitrogen, nitrogen accumulation and transport amount after flowering, nitrogen transport efficiency after flowering, contribution of nitrogen assimilation to grain nitrogen after flowering, nitrogen utilization efficiency for grain production and biomass production. These eight traits were used as indicators for a comprehensive clustering of the wheat materials, and the sixteen varieties were classified into three groups representing the high NUE, intermediate, and low NUE types, respectively. From the perspective of nitrogen utilization, efforts must be made in the following aspects to obtain higher yields regardless of irrigated or rainfed conditions: 1) to improve nitrogen utilization efficiency for grain production and biomass production, as well as nitrogen accumulation and transport amount after flowering, nitrogen transport efficiency and contribution of nitrogen assimilation to grain nitrogen after flowering, and 2) to decrease transport amount of pre-flowering reserve nitrogen and contribution of pre-flowering reserve nitrogen to grain nitrogen.
INTRODUCTION
As a major food crop, wheat (Triticum aestivum L.) plays a significant role in safeguarding food security in China (Etienne et a1., 2012; Shi et al., 2012; Wang et al., 2012) . In recent years, there has been a blind pursuit of increasing the yield per unit area in production to meet the growing demand for wheat, which results in a gradual increase in the rate of nitrogen application (Gevrek et a1., 2012; Mohammadi et al., 2012) . However, excessive application of nitrogen has caused serious damage to the environment and also led to a series of problems such as a reduction of nutrient utilization efficiency in crops and an increase of production cost (Nadine et al., 2010; Kong et al., 2010; Lobell et al., 2011; Townsend et al., 2010) . How to improve nitrogen utilization efficiency and reduce nitrogen application rate is currently an urgent problem to be solved in wheat production. Studies have shown that different varieties of the same crop have varying capacities for nitrogen uptake and utilization Erdle et al., 2013; Oury et al., 2012) . Therefore, screening of varieties with high nitrogen use efficiency (NUE) is an effective approach to improve nitrogen utilization efficiency and reduce nitrogen application rate in wheat (Graybosch et al., 2012; Lopez et al., 2012; Green et al., 2012) .
The nitrogen utilization efficiency of crops is correlated with multiple traits (Zhao et al., 2012; Xu et al., 2017) . Therefore, full consideration should be given to other traits related to the nitrogen utilization efficiency of crops in the screening of high NUE varieties. Zhang et al. (2010) found that high NUE genotypes of wheat had higher leaf water potential and chlorophyll content than low NUE wheat; thus, leaf water potential and chlorophyll content were regarded to be indicators for the screening of high NUE genotypes. Ruby et al. (2012) screened high NUE and low NUE wheat materials under hydroponic conditions with low nitrogen and high nitrogen levels, by using fresh weight, dry weight, root length, plant height, and root nitrogen uptake efficiency as the indicators. Khalid et al. (2012) screened wheat varieties with high efficiency of nitrogen uptake and utilization through hydroponic experiments using nitrogen utilization efficiency as the indicator. selected two wheat varieties with high nitrogen uptake and utilization efficiency under high nitrogen and low nitrogen conditions by using nitrogen harvest index, stem dry weight, grain nitrogen content, stem nitrogen content, plant total nitrogen content, nitrogen uptake efficiency, nitrogen physiological efficiency, and nitrogen utilization efficiency as the indicators. Through hydroponic experiments, Li et al. (2009) systematically evaluated the genotypic differences of low-nitrogen tolerance in seedlings of thirty-two wheat varieties bred in different ages, and the thirty-two varieties were divided into low-nitrogen sensitive, intermediate, and low-nitrogen tolerant types ( Ruan et al., 2016) successfully screened high NUE lines in one hundred thirty eight recombinant inbred lines of rice using nitrogen utilization efficiency for grain production and biomass production, stem nitrogen content, leaf nitrogen content, spike nitrogen content, spike length, stem weight per plant, total dry weight per plant, grain weight per plant, seed setting rate, thousand kernel weight, and plant height of rice as the indicators.
According to the above introduction, previous studies on the screening of wheat materials with high NUE have the following characteristics. First, hydroponic experiments were performed in some of the studies Khalid et al., 2012) , whether the results can guide field production remains to be tested. Second, different nitrogen levels were set in the field for relevant studies , the high NUE varieties screened by this method are only applicable to high-input environment. As we know, reducing the application of nitrogen fertilizer is the direction of future development to reduce the environmental pollution caused by excessive nitrogen application; thus, the study results cannot better guide the high-NUE breeding and production practices of wheat. Third, researchers only set different nitrogen levels in the field trials, while they did not taken into account the effect of another important factor, water shortage in soil, on nitrogen uptake and utilization in wheat. In the present study, we used sixteen winter varieties and set an intermediate nitrogen level in the field to analyze nitrogen accumulation and transport-related traits in wheat under rainfed (dry soil moisture) and irrigated ( adequate soil moisture) conditions. Combined with the yield and yield components, we classified the wheat varieties and screened high NUE varieties. The results lay a foundation for the screening of high NUE materials of wheat.
MATERIALS AND METHODS

Experimental materials
A total of sixteen winter varieties were used in the study, including Jinmai 54, Jinmai 66, Jinmai 72, Jinmai 73, FRFSCD, Nongda 92-101, Jinmai 61, Taimai 269, Xin 9152, Lankao 1, Tangmai 5012, Tainong 18, S707-3, S707-4, Chang 6135 and Xindasui.
Experimental design
The experiments were carried out in two years. During 2014-2015, the experiments were conducted in the wheat experimental field at the agricultural station of Shanxi Agricultural University (37°25' N, 112°25' E). The soil (0-20 cm depth) contained 0.784% organic matter, 5.1 g·kg -1 total nitrogen, 7.61 mg·kg -1 available phosphorus, and 125 mg·kg -1 available potassium, with a sandy texture. Pure nitrogen (150 kg·ha -1 ) was applied once as a base fertilizer at sowing. Two water regimes were set, rainfed and irrigation, which were separated by a 1.5 m isolation zone. The experiments had three repetitions and used a randomized block design. There were two rows per plot and 40 seeds were drilled in each row. Rows were 0.25 m apart and 2 m long. Seeds were sown on September 23, 2014. The rainfed treatment received no water during the growth period and only natural precipitation was used; the rainfall throughout the whole growth period was 218.4 mm. Irrigated plots were well watered using sprinkle irrigation at the overwintering, reviving, jointing, and grain-filling stages to ensure adequate supply of water throughout the whole growth period. The total amount of irrigation was equivalent to 650mm rainfall. The experiments had three repetitions and used a randomized block design. There were two rows per plot and 40 seeds were drilled in each row. Rows were 0.25 m apart and 2 m long. Seeds were sown on September 23, 2014. From October 2014 to June 2015, the monthly average atmospheric temperature was 12.1°C, 3.3°C, -4.2°C, -2.9°C, -0.8°C, 7°C, 13.1°C, 19.2°C, 22.8°C respectively, and activity accumulated temperature was 2026.39°C. Wheat was harvested in June 24-25, 2015.
During 2015-2016, the experiments were conducted in the wheat experimental field at the agricultural station of Shanxi Agricultural University. The soil (0-20 cm depth) contained 0.982% organic matter, 7.9 g·kg -1 total nitrogen, 11.4 mg·kg -1 available phosphorus, and 136.7 mg·kg -1 available potassium, with a sandy texture. Pure nitrogen (150 kg·ha -1 ) was applied once as a base fertilizer at sowing. The experimental design was the same as used in 2014-2015 and the date of seed sowing was September 25, 2015. The rainfall during the whole growth period was 256.9 mm and the irrigation treatment was performed as did in the previous year. From October 2015 to June 2016, the monthly average atmospheric temperature was 11°C, 3.7°C, -1.4°C, -5.7°C, -1.4°C, 6.2°C, 15.1°C, 18.2°C, 21.8°C respectively, and activity accumulated temperature was 1985.56°C. Wheat was harvested in June 25-26, 2016. Results of the two years were averaged during data analysis.
Sample collection
At the flowering stage (when 50% of the spikes were in bloom), thirty wheat plants per replication with uniform flowering, normal development, and similar growth were selected and tagged for each variety. After flowering, three plants were selected and gently pulled with roots every 7 days. The roots were cut and the shoots were deactivated in an oven for 15 min at 105°C, followed by drying at 80°C. Leaf, stem, spike stalk and grain samples were weighed separately and placed into paper bags. The sampling dates were 7, 14, 21, 28, 35, and 42 days after flowering.
Experimental methods
Determination of total nitrogen content
Total nitrogen content was determined by intermittent chemical analysis (Tu et al., 2013) .
Nitrogen accumulation, transport, transport efficiency, and contribution rate were calculated as follows (Moll et al., 1982) :
Nitrogen accumulation (NA) = Plant nitrogen content × plant dry weight Nitrogen transport amount before flowering (NTABF) = NA at floweringnitrogen accumulation in vegetative organs at maturity Nitrogen transport efficiency before flowering (NTEBF) = NTABF / NA at flowering × 100
Contribution of pre-flowering reserve nitrogen to grain nitrogen (CPRNGN) = NTEBF / grain nitrogen accumulation at maturity × 100 Nitrogen transport amount after flowering (NTAAF) = Grain nitrogen accumulation at maturity -NTABF Nitrogen transport efficiency after flowering (NTEAF) = Nitrogen transport into grains after flowering (whole plant) / (NA at maturitynitrogen accumulation in vegetative organs at flowering) × 100
Contribution of nitrogen assimilation to grain nitrogen after flowering (CNAGNF) = NTAAF / grain nitrogen accumulation at maturity × 100 Nitrogen utilization efficiency for grain production (NUEg): the ratio of grain yield per plant and total amounts of accumulated nitrogen per plant.
Nitrogen utilization efficiency for biomass production (NUEb): the ratio of total dry matter accumulation per plant and total amounts of accumulated nitrogen per plant.
Nitrogen harvest index (NHI): the percentage of grain nitrogen accumulation per plant in the total nitrogen accumulation per plant.
Wheat test at harvest
After wheat maturity, 10 plants per replication were selected at random from each variety. The plants were gently pooled with roots and air-dried. The average of 10 plants was taken as the observation value for each variety. We analyzed effective tillers (ET), spikelet number (SN), effective spikelet number (ESN), grain number of main spikes (MSGN), grain weight of main spikes (MSGW), thousand kernel weight (TKW) and yield per plant (YPP).
Phenotypic and genetic correlation analysis
Correlation coefficients were calculated as follows (Shi et al., 2017) :
where rpxy represents the phenotypic correlation coefficient; COVpxy represents the phenotypic covariance of traits x and y; Vpx and Vpy represent the phenotypic variance of x and y respectively.
where rgxy represents the genetic correlation coefficient; COVgxy represents the genetic covariance of traits x and y; Vpx and Vpy represent the genetic variance of x and y respectively.
Statistical analysis
Data were statistically analyzed using Excel 2010 (Microsoft Corp., Redmond, WA, USA) and SPSS 19.0 statistical software (IBM SPSS, SomerS, NY, USA).
RESULTS
Differences of nitrogen accumulation and transport-related traits in wheat varieties under irrigated and rainfed conditions
There were variability of 14 nitrogen accumulation and transport-related indicators in different wheat varieties under two water regimes (Table 1) . Under irrigated condition (well-watered, WW), the NABF, NHI and NTEBF had small coefficients of variation (2.9-4.91%), while the remaining 11 indicators had large coefficients of variation (13.6-37%) greater than 10%. Under rainfed condition (drought stress, DS), the NHI and NTEBF had small coefficients of variation (2.7 and 4.2%, respectively), while the remaining 12 indicators had large coefficients of variation (11.3-37.1%) greater than 10%. The large coefficients of variation indicated that there existed great differences in these indicators among the wheat varieties.
There were significant differences in the NTABF, CPRNGN, NTAAF and CNAGNF of wheat varieties between irrigated and rainfed conditions. In addition, highly significant differences were also found in the NABF, NAAF and MLN/TN. These results indicated that the water regimes had an impact on nitrogen accumulation and transport in the wheat varieties. , the ratios of leaf, stem, and spike stalk nitrogen / total nitrogen at maturity, respectively; NUEg, nitrogen utilization efficiency for grain production; NHI, nitrogen harvest index; NUEb, nitrogen utilization efficiency for biomass production; NTABF, ntrogen transport amount before flowering; NTEBF, nitrogen transport efficiency before flowering; CPRNGN, contribution of pre-flowering reserve nitrogen to grain nitrogen; NTAAF, nitrogen transport amount after flowering; NTEBF, nitrogen transport efficiency after flowering; and CNAGNF, contribution of nitrogen assimilation to grain nitrogen after flowering. Note:*and**, Significant at 0.05 and 0.01 probability levels, respectively.
Principal component analysis of nitrogen accumulation and transport-related indicators in wheat varieties under irrigated and rainfed conditions
Among the fourteen nitrogen accumulation and transport-related indicators reported in the above section, which are the main indicators affecting nitrogen accumulation and transport in wheat? To answer this question, we performed a principal component analysis on those indicators with the coefficient of variation greater than 10%.
Under irrigated condition, the cumulative contribution rate of the first three principal components was 87.7002% (Table 2) , which exceeded the general requirement of 80%. This indicated that these three principal components represented the majority of the variation in the indicators for nitrogen accumulation and transport among different wheat varieties. A comprehensive analysis of the compositional loading of these three principal components showed that the major indicators for nitrogen accumulation and transport under irrigated condition were NAAF, MSN/TN, NUEg, NUEb, NTABF, CPRNGN, NTAAF, NTEAF and CNAGNF. Under rainfed condition, the cumulative contribution rate of the first three principal components was 83.0571% (Table 2) . A comprehensive analysis of the compositional loading of the three principal components revealed that the major indicators for nitrogen accumulation and transport under rainfed condition were NAAF, MGN/TN, NUEg, NUEb, NTABF, CPRNGN, NTAAF, NTEAF and CNAGNF.
Correlation between nitrogen accumulation and transport-related traits and yield traits of wheat varieties under two water regimes
The correlation between the nine major nitrogen accumulation and transport-related traits and YPP were analyzed under irrigated condition (Table 3 ). The results showed that NUEg, NUEb, NTAAF and CNAGNF had significant or highly significant phenotypic correlations with YPP (correlation coefficient r = 0.4853-0.6587). In addition, NAAF, NUEg, NUEb, NTAAF, NTEAF and CNAGNF had significant or highly significant genetic correlations with YPP (r = 0.5350-0.7836). The same indicator showed a higher genetic correlation than phenotypic correlation with YPP, indicating that these indicator traits were less affected by environmental factors. In addition, there were different levels of genetic and phenotypic correlation between these nitrogen utilization indicators and yield components, while NTABF and CPRNGN had significant or highly significant genetic and phenotypic negative correlations with most of these indicator traits. These correlations suggested that some of the traits may have mutual restriction and mutual influence with each other. It is possible that pleiotropism or linkage exists in genes that control these traits.
We also analyzed the correlation between the nine major nitrogen accumulation and transport-related traits and yield indicators were also analyzed under rainfed condition (Table 3 ). The results showed that NAAF, NUEg, NUEb, NTAAF, NTEAF and CNAGNF had significant or highly significant phenotypic and genetic correlations with YPP (r = 0.5171-0.9249). The same indicator had higher genetic correlation than phenotypic correlation with YPP, indicating that these indicator traits were less affected by environmental factors. Moreover, NTABF and CPRNGN had negative genetic and phenotypic correlations with YPP, and the genetic correlation reached a significant or highly significant level. Furthermore, there were different levels of genetic and phenotypic correlations between these nitrogen accumulation and transport-related traits and yield indicators.
Clustering analysis of major nitrogen accumulation and transport-related traits and yield indicators of wheat varieties under irrigated and rainfed conditions
According to the above correlation analysis, NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF ,NTABF and CPRNGN had significant or highly significant genetic correlations with YPP under the two water regimes. On this basis, we performed a clustering analysis on the wheat varieties using these eight indicators.
Under irrigated condition, the wheat varieties were classified into three groups at the average linkage of 1.52 ( Figure 1) . Group I was the high NUE type, including Jinmai 54, Jinmai 66, FRFSCD and S707-3, these four varieties had a mean YPP of 6.13 g, with higher NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, and lower NTABF and CPRNGN (Table 4 ). Group III was the low NUE type, including Jinmai 61, Lankao 1, Tangmai 5012, and Tainong 18, these four varieties had a mean YPP of 3.79 g, with lower NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, and higher NTABF and CPRNGN (Table 4 ). Group II was the intermediate type, including the remaining eight varieties, which had a mean YPP of 5.17 g, the mean values of their major nitrogen utilization indicators were between the former two groups (Table 4) .
Under rainfed condition, the wheat varieties were divided also into three groups at the average linkage of 1.63 (Figure 2) . Group I was the high NUE type, including Jinmai 54, Jinmai 66, FRFSCD, S707-3 and Xindasui, these five varieties had the mean YPP of 5.50 g, with higher NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, and lower NTABF and CPRNGN (Table 4) . Group III was the low NUE type, including Jinmai 72, Tainong 18, Jinmai 73 and Jinmai 61, these four varieties had the mean YPP of 3.47 g, with lower NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF , and higher NTABF and CPRNGN (Figure 2) . Group II was the intermediate type, including the remaining seven varieties, their mean YPP was 4.58 g and the mean values of the major nitrogen utilization indicators were between the former two groups (Figure 2 ).
DISCUSSION
Screening of major indicators affecting nitrogen accumulation and transport in wheat
There are genotypic differences in nitrogen uptake, accumulation and distribution of wheat varieties (Karrou et al., 1994; Foulkes et al., 1998) , which makes it possible to screen wheat varieties with high NUE. Therefore, it is critical to establish the evaluation indicators of high NUE varieties. Zhou et al. (2000) thought that there are differences among wheat varieties in terms of total nitrogen demand, staged nitrogen uptake, nitrogen uptake intensity, nitrogen utilization efficiency, stem nitrogen content, and NHI. They believed that these indicators are of great reference value for the screening of wheat varieties with high NUE. Vose et al. (1984) suggested that nitrogen utilization efficiency is affected by multiple factors such as nitrogen uptake, Nitrare Reductase Activity, NO3storage level, and capacity of nitrogen transport to harvested organs. Here, fourteen nitrogen accumulation and transport-related traits in sixteen wheat varieties were determined under irrigated and rainfed conditions. Eight major indicator traits that affected nitrogen accumulation and transport in wheat were identified. They were NAAF, NUEg, NUEb, NTABF, CPRNGN, NTAAF, NTEAF and CNAGNF. Clearly, our results were not exactly the same as previous researches. The reasons may be that there were differences in water conditions and nitrogen levels. 
Correlation between the major nitrogen accumulation and transport indicators and yield of wheat
The uptake and utilization of nitrogen in wheat directly affected the formation of wheat yield. The yield must be taken into account, when screening of high NUE varieties. Thus, it is needed to perform a correlation analysis between the major nitrogen accumulation and transport traits and yield components. Generally, the estimated phenotypic correlation is affected by environmental factors and often does not represent the true relationships between the traits. Therefore, it is necessary to separate the phenotypic correlation into two components, genetic correlation and environmental correlation (Wang et al., 2007) . Here genetic correlation refers to the additive genetic correlation that can be fixed. In the present study, we compared the correlations between the major nitrogen accumulation and transport-related traits and the yield indicators under irrigated and rainfed conditions. Differences were found in the correlations between the indicator traits, suggesting that the water regimes had an impact on the expression of relevant traits in wheat varieties. However, there were eight nitrogen accumulation and transport-related traits showing significant or highly significant genetic correlations with YPP under both irrigated and rainfed conditions. These indicators were NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, NTABF and CPRNGN. This indicated that these traits were less impacted by water conditions.
Figure 2. Clustering diagram of sixteen wheat varieties under rainfed condition
Furthermore, based on the principal component analysis and combined with the genetic correlation analysis, we finally identified these eight major indicator traits of nitrogen accumulation and transport, i.e., NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, NTABF and CPRNGN. And there were significant or extremely significant genetic correlations between these traits and yield factors. This finding had important reference value for screening wheat varieties with high nitrogen efficiency.
Clustering of wheat varieties under irrigated and rainfed conditions
Based on the major nitrogen accumulation and transport indicator and yield indicator traits, the wheat varieties can be divided into different types by clustering analysis, and the characteristics of each type can be clarified. In the present study, the clustering analysis of 16 wheat varieties were performed, according to the eight nitrogen accumulation and transport-related traits screened and identified above, and in combination with YPP. Comparing the results of clustering analysis under the two water regimes, the 16 wheat varieties were classified into three groups. Group I had high mean yield and nitrogen accumulation and transport-related traits including NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, and low NTABF and CPRNGN. Group III had low mean yield and nitrogen accumulation and transport-related traits including NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF but high NTABF and CPRNGN. Group II had an intermediate mean yield between the former two groups, as did the mean values of the major nitrogen accumulation and transport-related traits. Second, with regard to the affiliation of the type of wheat varieties, Jinmai 54, Jinmai 66, FRFSCD and S707-3 were classified into group I under the two water regimes. These four varieties had relatively high yield levels under both well-watered and drought conditions. Tainong 18 was classified into group III under both water regimes, it had relatively low yield levels under both well-watered and drought conditions. Lankao 1 and Tangmai 5012 belonged to group II under rainfed condition, with moderate yield levels. But they were classified into group III under irrigated condition, with relatively low yield levels. This indicates that these varieties were sensitive to water.
CONCLUSION
Amounts of accumulated nitrogen after flowering (NAAF), NUEg, NUEb, NTAAF, NTEAF, CNAGNF, NTABF and CPRNGN were main nitrogen accumulation and transport-related traits. There were significant or highly significant genetic correlations between these traits and YPP and yield factors under both irrigated and rainfed conditions.
In sixteen tested wheat varieties, Jinmai 54 and Jinmai 66 were high nitrogen efficient varieties with high NAAF, NUEg, NUEb, NAAF, NTEAF, CNAGNF and low NTABF, CPRNGN, while Jinmai61 and Tainong18 were low nitrogen efficient varieties with low NAAF, NUEg, NUEb, NAAF, NTEAF, CNAGNF and high NTABF, CPRNGN. The rest varieties were intermediate.
From the perspective of nitrogen uptake and utilization, all efforts must be made to improve NAAF, NUEg, NUEb, NTAAF, NTEAF, CNAGNF, and simultaneously decrease NTABF and CPRNGN, in order to obtain higher yields regardless of irrigated or rainfed conditions.
